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Nowadays, one of the major issues of the PEMFC concerns the durability. Historically, carbon has been used as a catalyst support
in PEMFC; nevertheless, under the environmental conditions of the cell, the carbon is oxidized, leaving the catalyst unsupported.
In order to increase the stability and durability of the catalyst in the PEMFC, a novel nanostructured metallic oxide support is
proposed. In this work, TiO
2
was doped with Nb to obtain a material that combines chemical stability, high surface area, and an
adequate electronic conductivity in order to be a successful catalyst support candidate for long-term PEMFC applications. The
TiO
2
-Nb nanostructured catalyst support was physically and electrochemically characterized. According to the results, the TiO
2
-
Nb offers high surface area and good particle dispersion; also, the electrochemical activity and stability of the support were evaluated
under high potential conditions, where the TiO
2
-Nb proved to be much more stable than carbon.
1. Introduction
In the last decade, several improvements have been
achieved regarding the proton exchange membrane fuel cells
(PEMFC). Such advances permitted a signific nt increase
in the energy conversion efficie y at the same time that
the production costs were decreased, placing the PEMFC
as one of the best candidates for powering electrical mobile
applications [1–4]. In a typical PEMFC, hydrogen fuel is
oxidized in the surface of a catalyst and split into protons
and electrons; the charge of protons is transported by means
of complex phenomena through a polymeric electrolyte
[5] while the electrons fl w by an external circuit towards
the cathode where they combine together with oxygen to
produce water. In the last years, large improvements have
been achieved in the development of new materials for
PEMFC which allowed an important cost reduction and an
increase in the energy conversion efficie y [1]. Nevertheless,
problems related to durability, particularly of the catalyst
support, are some of the major issues that must be solved to
achieve a commercial competitive PEMFC technology [6–9].
In this respect, the department of energy has set a target for
the PEMFC, in which these devices should achieve a life
time of at least 5000 h in order to be commercially attractive
[10]. Consequently, the materials of the PEMFC must be
able to operate for long periods of time without degradation,
maintaining the performance and more important the output
voltage unaff cted.
1.1.Catalyst Supports for PEMFC. Historically, carbon has
been used as catalyst support in PEMFC because of their
high active area and adequate electronic conductivity [11,
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12]; however, it has been proved that under the PEMFC
cathode conditions carbon is oxidized, leaving the catalyst
unsupported and causing particles agglutination or even its
migration out of the electrode [8, 13, 14]. One of the materials
that have been proposed as a successful alternative to carbon
support is titanium dioxide (TiO
2
). TiO
2
is a relatively aff rd-
able and easy to synthesize material that exhibits high surface
area, good affinity with catalytic noble metals, and high
electrochemical stability even in PEMFC cathode conditions
[9, 15–17]. One of the drawbacks of TiO
2
is its low electronic
conductivity [18–20]. To overcome this problem, the TiO
2
has been doped with a number of elements as an approach
to increase its electronic conductivity. It has been observed
that the insertion of ions in the TiO
2
structure has a double
positive effect in the material properties. In one hand, the
inclusion of pentavalent ions contributes to diminishing the
number of trivalent defects in the material, increasing their
chemical stability; also, there is evidence that many of these
ions occupy substitutional sites by replacing the Ti atoms in
the structure; as a consequence, the material attains an excess
of electronic charge carriers and exhibits an n-type semi-
conductor properties with electronic conductivities several
orders of magnitude higher than TiO
2
unmodifie [21–23].
In this work, the TiO
2
was doped with Nb as an approach
to obtain a material that combines all the desirable catalyst
support properties along with a remarkable electrochemical
stability for its utilization in long-term PEMFC applications.
2. Material and Methods
Th Pt/TiO
2
-Nb (30 Wt% of Pt) samples were synthesized by
the Sol-Gel method using Ti (IV) isopropoxide and Nb (V)
ethoxide as precursors. For this procedure, 16.50 mL of Ti
(IV) isopropoxide (97%, Sigma-Aldrich) and 1.35 mL of Nb
(V) ethoxide (99.95%, Aldrich) were dissolved in 100 mL of
2-propanol at room temperature, in order to obtain a solution
with a 10 Wt% of Nb content respecting to the Ti. When
the precursors were completely dissolved, 40 mL of deionized
water was added to accomplish the following reactions [24]:
Hydrolysis
C
12
H
28
O
4
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2
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4
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3
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2
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2
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2
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5
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O (4)
Afte the reaction, a white gel is obtained and let under
stirring for 12 h, then filtered and dried at 120∘C in vacuum
for 10 h. The resulting white powder was thermally treated for
2 h in air at 400∘C with a heating rate of 5∘C/min.
Th Pt nanoparticles were synthesized and directly sup-
ported on the TiO
2
-Nb by the chemical reduction method
[26]. To obtain 2.00 g of catalyst powder with 30 Wt% of Pt,
1.50 g of H
2
PtCl
6
⋅4H
2
O (99.999%, Alfa-Aesar) was dissolved
in 100 mL of deionized water at 50∘C; then 2.00 g of TiO
2
-Nb
with a 10 Wt% of Nb content was added and stirred for 40
minutes; after that, the Pt ions were reduced by adding drop
by drop 20 mL of NaBH
4
0.2 M; then the solution was stirred
at 50∘C during 2 h. Th supported catalyst was filtered and
rinsed with deionized water and treated at 400∘C under 100%
H
2
atmosphere in order to obtain the desired structure and
to remove any trace of by-products from the surface of the
catalyst.
Then in order to determine the composition and struc-
ture, the Pt/TiO
2
-Nb was analyzed by XRD and TEM, the
surface area of the material was determined by nitrogen
absorption, and the electrochemical activity was studied by
cyclic voltammetry and compared with the performance of a
Pt/C sample.
2.1. Physical and Electrochemical Characterization. Th
Pt/TiO
2
-Nb powders were analyzed in a Jeol 205
Transmission Microscope in order to determine its
dispersion, particle size, and morphology. Also a Pt/C
sample prepared under the same conditions was analyzed
as reference. Th crystallite size and composition of the
Pt/TiO
2
-Nb and Pt/C samples were determined by X-ray
diffraction (XRD) in a Philips Analytical X-Ray X’Pert MPD
equipment (50 kV and 40 mA) using a Cu K𝛼 radiation’s
wavelength of 0.1542 nm. After physical characterization,
the electrochemical activity and stability of the catalyst were
determined by cyclic voltammetry under the conditions
described below.
Th electrochemical characterization was performed in
H
2
SO
4
0.5 M at 25∘C in a 3 electrodes electrochemical cell
with an EG&G Princeton 273 Potentiostat. Prior to any
measurement, the electrolyte was deaerated by bubbling N
2
for 2 h. A catalytic ink was prepared by mixing 20 𝜇g of
Pt/TiO
2
-Nb and 25𝜇L of liquid Nafion in 0.5 mL of 2-
propanol; after that, the mixture was ultrasonically stirred
by 20 minutes and the working electrode was prepared by
placing 20 𝜇L of this ink over a glassy carbon electrode and
dried at 50∘C for 20 minutes. A Pt grid was used as counter
electrode and the potential was measured against a saturated
Hg/Hg
2
Cl
2
electrode; nevertheless, all the plots show the
potential referred to the standard hydrogen electrode (SHE).
All the measurements of cyclic voltammetry were recorded at
10 mV/s for 10 cycles and only the last cycle is presented.
3. Results and Discussion
3.1. Microscopy and XRD. Th TEM micrographs for the
Pt/TiO
2
-Nb are shown in Figure 1, while the results for the
Pt/C sample are presented in Figure 2 as reference. The sur-
face area for the Pt/TiO
2
-Nb obtained by nitrogen absorption
was 155 m2/g. This high surface area was correlated with
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Figur e 1: Th TEM micrographs of Pt/TiO
2
-Nb at low and high magnific tion. Th nanometric characteristic of support can be observed
along with a good distribution of Pt particles on its surface.
Figur e 2: TEM micrograph of Pt/C as reference. Pt/TiO
2
-Nb and
Pt/C exhibit similar characteristics, with spherical Pt particles well
dispersed over the support and a particle mean size of 15 nm.
the TEM observations that show a nanometric support with
well-dispersed Pt particles on their surface. Th mean Pt
particle size was calculated and estimated in 15 nm (±4 nm)
both for Pt/TiO
2
-Nb and for Pt/C.
Th XRD patterns of Pt/TiO
2
-Nb and Pt/C (Figure 3)
revealed peaks that clearly match with the (111),(200), (220),
(311), and (222) planes indexed for Pt in its face centered
cubic structure (JCPDS 04-0802). With respect to the catalyst
supports, the Pt/TiO
2
-Nb diffractogram solely permits to
identify unequivocally the (101) plane of body centered
tetragonal TiO
2
in the form of anatase (JCPDS 21-1272). An
additional XRD pattern of the TiO
2
-Nb support exposed also
the (200), (105) and (211) planes for anatase, as illustrated in
Figure 4. In both Pt/TiO
2
-Nb and TiO
2
-Nb diffractograms,
all of the crystallographic planes of Nb (JCPDS 35-0789)
are intrinsically convoluted with those of anatase, which
precludes their lone observation. However, Figure 4 allows
estimating qualitatively the fraction of Nb that has effectively
replaced Ti within the nanocrystalline structure. According
to the comparison made with previous work on Nb-doped
TiO
2
, [25] the Nb mole fraction is in a range between 0.025
and 0.050. As a matter of fact, the XRD pattern is closely
similar to that exhibited by TiO
2
doped with Nb 5.0 mol%.
Indeed, the TiO
2
-Nb synthesized support is expected to
achieve ca. 6.4 mol%, after an ideally complete replacement
of Ti by Nb. Finally, in the case of the carbonaceous support
in Pt/C, a broad band ca. 25∘, attributed to the (002) plane
of turbostratic carbon, is clearly evident in its XRD pattern.
Further insight on the crystallographic nature of the Pt-
supported catalysts is gained from their transmission electron
diffraction patterns, which are shown also in Figure 3. In
the case of the Pt/C the diffuse ring diffraction patterns
reveal the presence of a material of amorphous nature, such
as carbon; although very weak, the three rings correspond
to Pt refle tions. The Pt/TiO
2
-Nb pattern, on the other
hand, exhibits several well-defin d rings characteristics of a
polycrystalline material; indeed the brightest diffraction ring
denotes that (111)is the preferential orientation of Pt. It is
worthy to mention that no evidence of NbTi
2
O
7
was found
according to the employed diffraction patterns database.
Although most of the XRD features observed within
the diffractograms result from the sum of two or more
single diffraction peaks, it was possible to isolate individual
refl ctions for Pt (220) and anatase (101). Therefore, these
reflections were chosen to estimate the mean crystallite
size according to the Debye-Scherrer equation. Peak fitting
analysis on the Pt (220) indicated a crystallite size for Pt of
12.9nm in Pt/C and 13.2 nm in Pt/TiO
2
-Nb, both values in
agreement with TEM results.
3.2. Electrochemical Evaluation. Th Pt/TiO
2
and Pt/C elec-
trodes were evaluated in H
2
SO
4
0.5 M from −0.4 to 1.2 V
versus SHE. The results are shown in Figures 5 and 6.
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Figur e 3: X-ray diffractograms of the Pt-supported catalysts together with their respective transmission electron diffraction patterns: (a)
Pt/TiO
2
-Nb; (b) Pt/C. Note: refle tions contributed by the sample holder, made of aluminum, are denoted in all XRD patterns with a star
above its corresponding peaks (JCPDS 04-0787).
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Figur e 4: (a) X-ray diffractogram of the TiO
2
-Nb synthesized support. (b) Zoom in on the detailed XRD pattern, between 45∘ and 58∘ 2𝜃
values, which is shown together with two XRD patterns taken and adapted from Lu¨ et al. [25].
In Figure 5 it is possible to observe from the hydrogen
absorption/desorption peaks between−0.4 and−0.1V an evi-
dent higher activity for the Pt/C electrode; nevertheless, when
reaching the oxidation potentials, the Pt/TiO
2
exhibits a very
low anodic current (31.5𝜇A for TiO
2
-Nb and 1.37 mA for
carbon). Considering that the low anodic current observed
for Pt/TiO
2
is a combined result of the low catalyst reactivity
for the oxidation of species and the high electrochemical
stability of the electrode, it is possible to say that minimum
support degradation was observed in Pt/TiO
2
compared with
Pt/C electrodes.
Furthermore, when analyzing the irreversibility of the
oxidation and reduction peaks for Pt/C (1.2 and 0.4 V), it is
possible to see that from the oxidized species at 1.2 V, only the
Journal of Materials 5
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2
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Figur e 6: Even at extreme oxidative potentials the electrochemical
performance of Pt/TiO
2
-Nb remains unaff cted.
fraction that, corresponds to the Pt oxide is reduced at 0.4 V,
while a portion of the C support is gasifi d according to the
following equation [27]:
C + 2H
2
O 󳨀→ CO
2
+ 4H+ + 4e− (5)
Th same experiment was repeated and the oxida-
tion potential was increased up to +1500 mV versus SHE
(Figure 6). Th response is very similar; again the catalytic
activity of Pt/TiO
2
-Nb remains lower than Pt/C but, in this
case, the accelerated degradation of carbon is much more
evident.
4. Conclusions
Th TiO
2
-Nb PEMFC electrocatalytic support was prepared
and evaluated. The physical characterizations showed a high
active area related to its nanostructured composition. When
Pt is deposited, the catalytic nanoparticles exhibit good
dispersion and homogeneous size and shape, which are
desirable characteristics for PEMFC applications. The XRD
results show a predominant anatase phase for the TiO
2
-Nb
and a high crystallite catalyst structure. The voltammograms
confi m the TiO
2
-Nb outstanding electrochemical stability,
even at extreme oxidation conditions; nevertheless, improve-
ments should be made in the support-catalyst electronic
contact in order to increase the electrode performance. In the
end, the combination of high active area, good Pt affinity, and
high electrochemical stability makes the TiO
2
-Nb a suitable
candidate for further research in order to be utilized as
catalyst support in PEMFC.
Acknowledgments
Th authors would like to thank CONACyT for the support
provided for this project through the postdoctoral Grant of
the program “Estancias posdoctorales en el extranjero” and
the technician Roosevelt Toledo Espinosa (CAIDA-UPCh)
for his assistance in this research.
References
[1] P. Costamagna and S. Srinivasan, “Quantum jumps in the
PEMFC science and technology from the 1960s to the year 2000:
part I. Fundamental scientifi aspects,” Journal of Power Sources,
vol. 102, no. 1-2, pp. 242–252, 2001.
[2] W. Smith, “Role of fuel cells in energy storage,” Journal of Power
Sources, vol. 86, no. 1, pp. 74–83, 2000.
[3] E. Middelman, W. Kout, B. Vogelaar, J. Lenssen, and E. de Waal,
“Bipolar plates for PEM fuel cells,” Journal of Power Sources, vol.
118, no. 1-2, pp. 44–46, 2003.
[4] A. Kirubakaran, S. Jain, and R. K. Nema, “A review on fuel cell
technologies and power electronic interface,” Renewable and
Sustainable Energy Reviews, vol. 13, no. 9, pp. 2430–2440, 2009.
[5] E. Valenzuela, S. A. Gamboa, P. J. Sebastian et al., “Proton
change transport in Nafion nanochannels,” Journal of Nano
Research, vol. 5, no. 1, pp. 31–36, 2009.
[6] W. Schmittinger and A. Vahidi, “A review of the main parame-
ters influencing long-term performance and durability of PEM
fuel cells,” Journal of Power Sources, vol. 180, no. 1, pp. 1–14, 2008.
[7] Z. Wang, P. Zuo, Y. Chu, Y. Shao, and G. Yin, “Durability
studies on performance degradation of Pt/C catalysts of proton
exchange membrane fuel cell,” International Journal of Hydro-
gen Energy, vol. 34, no. 10, pp. 4387–4394, 2009.
[8] X. Yu and S. Ye, “Recent advances in activity and durability
enhancement of Pt/C catalytic cathode in PEMFC. Part II:
degradation mechanism and durability enhancement of carbon
supported platinum catalyst,” Journal of Power Sources, vol. 172,
no. 1, pp. 145–154, 2007.
[9] N. Rajalakshmi, N. Lakshmi, and K. S. Dhathathreyan, “Nano
titanium oxide catalyst support for proton exchange membrane
fuel cells,” International Journal of Hydrogen Energy, vol. 33, no.
24, pp. 7521–7526, 2008.
6 Journal of Materials
[10] U.S. Department of Energy, “Hydrogen, Fuel Cells, and Infras-
tructure Technologies Program,” Progress Report FY 2002, U.S.
Department of Energy, Washington, DC, USA, 2002.
[11] S. M. Haile, “Fuel cell materials and components,” Acta Materi-
alia, vol. 51, no. 19, pp. 5981–6000, 2003.
[12] S. Litster and G. McLean, “PEM fuel cell electrodes,” Journal of
Power Sources, vol. 130, no. 1-2, pp. 61–76, 2004.
[13] Y. Shao, G. Yin, and Y. Gao, “Understanding and approaches
for the durability issues of Pt-based catalysts for PEM fuel cell,”
Journal of Power Sources, vol. 171, no. 2, pp. 558–566, 2007.
[14] K. J. J. Mayrhofer, J. C. Meier, S. J. Ashton et al., “Fuel
cell catalyst degradation on the nanoscale,” Electrochemistry
Communications, vol. 10, no. 8, pp. 1144–1147, 2008.
[15] D. Kim, E. F. A. Zeid, and Y. Kim, “Additive treatment effect
of TiO
2
as supports for Pt-based electrocatalysts on oxygen
reduction reaction activity,” Electrochimica Acta, vol. 55, no. 11,
pp. 3628–3633, 2010.
[16] S. von Kraemer, K. Wikander, G. Lindbergh, A. Lundblad, and
A. E. C. Palmqvist, “Evaluation of TiO
2
as catalyst support in Pt-
TiO
2
/C composite cathodes for the proton exchange membrane
fuel cell,” Journal of Power Sources, vol. 180, no. 1, pp. 185–190,
2008.
[17] F. Leroux, P. J. Dewar, M. Intissar, G. Ouvrard, and L. F. Nazar,
“Study of the formation of mesoporous titania via a template
approach and of subsequent Li insertion,” Journal of Materials
Chemistry, vol. 12, no. 11,pp. 3245–3253, 2002.
[18] P. Leroy, C. Tournassat, and M. Bizi, “Influence of surface con-
ductivity on the apparent zeta potential of TiO
2
nanoparticles,”
Journal of Colloid and Interface Science, vol. 356, no. 2, pp. 442–
453, 2011.
[19] M. Afuyonia, G. Nasheda, and I. Nasser, “TiO
2
doped with SnO
2
and studing its structurail and electrical properties,” Energy
Procedia, vol. 6, pp. 11–20, 2011.
[20] L. B. Modesto-Lopez and P. Biswas, “Role of the effective
electrical conductivity of nanosuspensions in the generation of
TiO
2
agglomerates with electrospray,” Journal of Aerosol Science,
vol. 41,no. 8, pp. 790–804, 2010.
[21] J. Gautron, J. F. Marucco, and P. Lemasson, “Reduction and
doping of semiconducting rutile (TiO
2
),” Materials Research
Bulletin, vol. 16, no. 5, pp. 575–580, 1981.
[22] O. Meyer, I. Khubeis, R. Fromknecht, and S. Massing, “Ions
implanted into TiO
2
rutile single crystals: Lattice disorder,
lattice site occupation and conductivity,” Nuclear Instruments
andMethods in Physics Research, vol. 127-128, pp. 624–628, 1997.
[23] Q. Zhao, P. Wu, B. L. Li, and E. Y. Jiang, “The effect of additional
doping with Nb, Al or Cu on ferromagnetism and conductivity
in V-doped TiO
2
powders,” Physica B, vol. 407, no. 1, pp. 171–174,
2012.
[24] S. Mahshid, M. Askari, and M. S. Ghamsari, “Synthesis of TiO
2
nanoparticles by hydrolysis and peptization of titanium iso-
propoxide solution,” Journal of Materials Processing Technology,
vol. 189, no. 1–3, pp. 296–300, 2007.
[25] X. Lu¨, X. Mou, J. Wu et al., “Improved-performance dye-
sensitized solar cells using Nb-doped TiO
2
electrodes: effici t
electron injection and transfer,” Advanced Functional Materials,
vol. 20, no. 3, pp. 509–515, 2010.
[26] E. Valenzuela, P. J. Sebastian, S. A. Gamboa, S. Joseph, U. Pal,
and I. Gonzalez, “Characterization of self-assembled electrodes
based on Au-Pt nanoparticles for PEMFC application,” Journal
of New Materials for Electrochemical Systems, vol. 13, no. 1, pp.
47–55, 2010.
[27] K. Kinoshita, Carbon: Electrochemical and Physicochemical
Properties, John Wiley & Sons, New York, NY, USA, 1988.
Submit your manuscripts at
http://www.hindawi.com
Scientiﬁca
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Corrosion
International Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 201?
Ceramics
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 201?
Composites
Journal of
Nanoparticles
Journal of
??????????????????????????????
?????????????????????? ???????????
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
International Journal of
Biomaterials
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Nanoscience
Journal of
Textiles
???????????????????????????????
?????????????????????? ???????????
Journal of
Nanotechnology
Hindawi Publishing Corporation
http://www.hindawi.com Volume 201?
Journal of
Crystallography
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
??????????????
?????????????
???????????????????????????????
?????????????????????? ???????????
Smart Materials
Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 201?
Metallurgy
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
BioMed
Research International
Materials
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
?
??
??
?
??????????????????????????????
?????????????????????? ???????????
???????????????????????
